Introduction {#Sec1}
============

Quantum entanglement involving two parties has led to groundbreaking advances, of which preeminent examples are Bell inequalities and nonlocality^[@CR1]^, teleportation^[@CR2]^, and dense coding^[@CR3],\ [@CR4]^. It would be natural to think, at a first sight, that multipartite entangled systems would present the same features in a larger scale. However, since the seminal study on the nonlocality of certain tripartite states in the early 90's^[@CR5]^, it became gradually clear that completely new phenomena and potential applications could arise. It is now known that *n* particles can be highly entangled without any pairwise correlation: entanglement appears in many different, inequivalent forms, of which the Einstein-Podolsky-Rosen (EPR) type is the simplest instance^[@CR6],\ [@CR7]^. As for applications, there are, e.g., paradigms for quantum computation which rely on the feasibility of cluster states of several qubits^[@CR8]^.

It is, then, clear that conceiving means to produce multipartite entangled states is of relevance. To date, there are three ways to meet this goal: controlled interactions between qubits, measurements in entangled basis, and indistinguishability of identical particles. The first way relies on the fact that initially uncorrelated interacting subsystems may become entangled. Of course, the interactions must be finely tuned and the qubits protected from noise. The second possibility is related to the fact that, to any orthogonal entangled basis corresponds a physical observable that can be measured, in principle, leaving the system entangled. There are, however, serious provisos regarding this simplistic picture. Firstly, measurements are commonly destructive, photo-detection for instance, so, after their realisation there remains no system whatsoever. This problem can be circumvented if bipartite entanglement is an available resource. So, instead of using *n* qubits, one employs *n* EPR pairs and proceed with the *n*-partite measurement on one particle of each pair. The remaining qubits will end up, with some non-zero probability, in a *n*-partite entangled state, see, e.g., ref. [@CR9]. This brings the second difficulty. In practice, it is very hard to make full measurements in entangled bases, even in the bipartite case^[@CR10],\ [@CR11]^. The third way is more related to a fundamental principle than to deliberate procedures, see however^[@CR12]^. It simply amounts to the fact that two indistinguishable electrons, e.g., can only exist in an entangled state.

In this article we present a procedure for creating arbitrary Dicke states, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|{D}_{n}^{(k)}\rangle $$\end{document}$, of *n* particles and $\documentclass[12pt]{minimal}
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                \begin{document}$$1\le k\le n-1$$\end{document}$ excitations. It employs a combination of induced indistinguishability and unentangled Fock measurements. The protocol has the property that, irrespective of how poor is the source of entanglement, every time a Dicke state is created, it is ideal. In addition, the probability of creating $\documentclass[12pt]{minimal}
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                \begin{document}$$|{D}_{n}^{(k)}\rangle $$\end{document}$ behaves similarly to a thermodynamic potential during a second-order phase transition, as *n* grows, where the entanglement of the optimal source undergoes a qualitative change at a critical *n*. Finally, we establish exact results on the asymptotic entanglement between any qubit belonging to $\documentclass[12pt]{minimal}
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                \begin{document}$$|{D}_{n}^{(k)}\rangle $$\end{document}$ and the rest of the system.

Entanglement lifting {#Sec2}
====================

We begin by sketching an optical realisation of the scheme in the simple case of three photon pairs. It illustrates what we refer to as entanglement *lifting*. Differently from usual entanglement concentration, we start with *M* bipartite entangled pairs and, in the end, we obtain *j n*-partite entangled systems. More precisely, in the pure case, we will consider the process $\documentclass[12pt]{minimal}
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                \begin{document}$$|{\rm{\Psi }}\rangle \in { {\mathcal H} }_{f}$$\end{document}$, where not only *j* \< *M*, but also *D* \> *d*, with $\documentclass[12pt]{minimal}
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                \begin{document}$$D={\rm{\dim }}\,{ {\mathcal H} }_{f}$$\end{document}$. It will become clear that lifting also entails concentration.

Consider three identical sources of pairs of polarisation-entangled photons (alternatively one can consider that there is a single source producing the pairs which are posteriorly distributed). We initially assume that each pair is maximally entangled, with state $\documentclass[12pt]{minimal}
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                \begin{document}$$|{\varphi }^{+}\rangle =(|00\rangle +|11\rangle )/\sqrt{2}$$\end{document}$, with 0 (1) denoting horizontal (vertical) polarisation. One photon of each pair is delivered to Alice, while the others are sent to Bob, Brian and Brandon. After this, the total quantum state reads $\documentclass[12pt]{minimal}
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                \begin{document}$$|{{\rm{\Psi }}}_{0}\rangle ={|{\varphi }^{+}\rangle }^{\otimes 3}={2}^{-\mathrm{3/2}}{\sum }_{i,j,k}\,{|ijk\rangle }_{A}\otimes {|ijk\rangle }_{B}$$\end{document}$, where *A* stands for Alice and *B* for the spatially separated system of Brandon, Brian and Bob (Fig. [1](#Fig1){ref-type="fig"}).Figure 1Three photon pairs are produced in an EPR polarisation state. One photon of each pair is sent to Alice, while the B-group members receive one photon each. Alice sends her synchronised photons to a PBS, after which they are detected, leaving the B-group with an ideal Dick state with probability *p* = 0.75.

Alice synchronizes her photons, e.g., using quantum memories^[@CR13]--[@CR15]^ (process denoted by S) before sending them to a polarization beam splitter (PBS). It is important that the three wave packets overlap so that the photons are undistinguishable when they arrive at the PBS. With this, Alice intentionally discards the information on the former holder of each photon.

After passing the PBS, the photons proceed to detectors capable of discriminating the Fock state in each spatial mode of Alice's system^[@CR16],\ [@CR17]^. The indistinguishability induces a natural partition of Alice system's Hilbert space into subspaces generated by kets with a fixed number of photons with a given polarisation, so that, states like  $\documentclass[12pt]{minimal}
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                \begin{document}$$|2\,{\rm{horizontal}};\,1\,{\rm{vertical}}\rangle $$\end{document}$. In this way, we have four detection possibilities: $\documentclass[12pt]{minimal}
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                \begin{document}$$|111\rangle \to |\mathrm{0;}\,3\rangle $$\end{document}$. The first entry in the kets on the right-hand side gives the photon number of path 2, and the second entry the photon number of path 1, see Fig. [1](#Fig1){ref-type="fig"}. It is clear that this process is non unitary since it can map orthogonal states into the same final state. This is due to the fact that synchronisation can only be achieved through the interaction between the photons and some ancillary systems which, generally speaking, store the information on the initial delay between the photons. In ref. [@CR14], where the possibility of using this technique in the scalable generation of photonic entanglement is already mentioned, the auxiliary systems consist of Rubidium atom ensembles. The global unitary evolution of the larger system leads to the non unitary evolution of the reduced system of the photons to be synchronised.

In the full indistinguishability situation, just before the detection, the state is proportional to:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{array}{c}|\mathrm{3;}\,0\rangle |000\rangle +\sqrt{3}|\mathrm{2;}\,1\rangle (\frac{1}{\sqrt{3}}|001\rangle +\frac{1}{\sqrt{3}}|010\rangle +\frac{1}{\sqrt{3}}|100\rangle )\\ \,\quad \quad \quad \quad +\sqrt{3}|\mathrm{1;}\,2\rangle (\frac{1}{\sqrt{3}}|011\rangle +\frac{1}{\sqrt{3}}|101\rangle +\frac{1}{\sqrt{3}}|110\rangle )+|\mathrm{0;}\,3\rangle |111\rangle .\end{array}$$\end{document}$$Therefore, after the detection of Alice's photons there are four possible states left to the B-group. If all three photons are either detected in path 1 or in path 2 (probability 1/8 for each event), then, B-group's state is separable and, after appropriate classical communication, it is disposed. With probability 3/8 two photons are detected in path 2 and one in path 1 and, then, B-group's state is already a *W* state, $\documentclass[12pt]{minimal}
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                \begin{document}$$|{D}_{3}^{\mathrm{(1)}}\rangle \equiv |{W}_{3}\rangle \propto |001\rangle +|010\rangle +|100\rangle $$\end{document}$. Lastly, also with probability 3/8, two photons are detected in path 1 and one in path 2. In this case, Alice communicates the B-group members that each of them have to perform a bit-flip operation in his qubit, and, in the end, ideal *W* states are prepared with probability 3/4.

Results {#Sec3}
=======

We now generalise the lifting procedure to the case where *n* EPR pairs are used per run. We will see that this leads to the production of arbitrary, unambiguously heralded Dicke states. The initial state is given by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|{{\rm{\Psi }}}_{0}\rangle ={|{\varphi }^{+}\rangle }^{\otimes n}$$\end{document}$, and it is easy (but crucial) to see that it can be written as $\documentclass[12pt]{minimal}
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                \begin{document}$$|{{\rm{\Psi }}}_{0}\rangle ={(\frac{1}{2})}^{n\mathrm{/2}}\sum \,{|{j}_{1}{j}_{2}\ldots {j}_{n}\rangle }_{A}\otimes {|{j}_{1}{j}_{2}\ldots {j}_{n}\rangle }_{B}$$\end{document}$, where *j* ~*i*~ = 0, 1. Again, one photon of each pair is sent to Alice and the others to each of the elements of the B-group, now composed by *n* parties. Alice's photons are synchronised and sent to the PBS. Given the indistinguishability, besides $\documentclass[12pt]{minimal}
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                \begin{document}$${|11\ldots 111\rangle }_{A}\to |\mathrm{0;}\,n\rangle $$\end{document}$, we have the following correspondences: $\documentclass[12pt]{minimal}
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                \begin{document}$${\{{\hat{{\mathscr{P}}}}_{j}^{(n-1)}{|01\ldots 111\rangle }_{A}\}}_{j}\to |1;n-1\rangle $$\end{document}$, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\hat{{\mathscr{P}}}}_{j}^{(k)}$$\end{document}$ represents the *j*th non-trivial permutation of the ket entries. Thus, for each *k*, we have $\documentclass[12pt]{minimal}
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                \begin{document}$$j=\mathrm{1,}\,\mathrm{2,}\ldots ,(\begin{array}{c}n\\ k\end{array})$$\end{document}$. It is simple to show that the global state of the system immediately before the detection of Alice's photons is$$\documentclass[12pt]{minimal}
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                \begin{document}$$1\le k\le n-1$$\end{document}$ excitations. Note in Eq. ([1](#Equ2){ref-type=""}) the perfect correlation between Alice's output of an unentangled Fock measurement and the production of a specific ideal Dicke state shared by the elements of the B-group. The probability of having output $\documentclass[12pt]{minimal}
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                \begin{document}$$(\begin{array}{c}n\\ k\end{array})\,{2}^{-n}$$\end{document}$. Dicke states with different number of excitations are generally inequivalent under local operations and classical communications (LOCC). The obvious exception occurs for *k* and *n* − *k* excitations, since $\documentclass[12pt]{minimal}
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                \begin{document}$$2k < n$$\end{document}$), for *n* odd (even). We will assume that this procedure is always adopted in the remainder of this manuscript. For *n* even and *k* = *n*/2, we already have $\documentclass[12pt]{minimal}
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We are in a position to further extend the scheme to the case of tunable sources producing pairs with arbitrary entanglement^[@CR18]--[@CR21]^: $\documentclass[12pt]{minimal}
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                \begin{document}$$|{D}_{n}^{(k)}\rangle $$\end{document}$. It is of great importance to note that, had we kept all initial information, namely, the distinguishability of Alice's photons, then entangled measurements would be required to leave the B-group with Dicke states. The unbalanced character of the bipartite source, rather than affecting the ideality of the outputs, only changes their probabilities of occurrence, which are given by$$\documentclass[12pt]{minimal}
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In Fig. [2](#Fig2){ref-type="fig"} we display (a) $\documentclass[12pt]{minimal}
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These features remind us of the classical Landau theory^[@CR22],\ [@CR23]^ of second order phase transitions, with the role of the thermodynamic potential being played by $\documentclass[12pt]{minimal}
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The properties derived so far provide information on the entanglement of Dicke states. Result [(8)](#Equ10){ref-type=""} leads to the conclusion that, if entangled pairs are an available resource, the probability to create Dicke states as $\documentclass[12pt]{minimal}
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                \begin{document}$${|\tilde{a}|}^{2}\to 1/n$$\end{document}$. This is the signature of entanglement concentration: the exchange of a large number of copies with low entanglement by a small quantity of more entangled systems^[@CR24]^. Here, in addition to concentration, the initial bipartite entanglement is lifted to a larger Hilbert space.

Finally, we derive asymptotic results on the amount of entanglement between any single qubit which is part of a system in a Dicke state and the rest of the system. Therefore we address the partition $\documentclass[12pt]{minimal}
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Discussion {#Sec4}
==========

We presented an efficient protocol to create Dicke states without the need of entangled measurements, a major technical difficulty. The efficiency is due to a high success probability and to the fact that whenever a Dicke state is produced it is ideal. In optimally executing this protocol the tunable source states present a behaviour that is analogous to a second-order phase transition in thermodynamics. In particular, the optimal source is not necessarily made of maximally entangled pairs.

Although our conclusions rely on the fact that our scheme is possible, in principle, an experiment seems to be already feasible for a relatively small number of parties. The most important ingredients, namely, tunable bipartite sources^[@CR18]--[@CR21]^, photon-number-resolving detectors^[@CR16],\ [@CR17]^ and synchronisation techniques^[@CR13]--[@CR15]^ are presently available, although, the conjunction of these elements may pose technical difficulties. The result of such an implementation would be the production of highly entangled multipartite states with a strong robustness against poor sources and with an increasing success rate for large *n*'s. We finally call attention to the fundamental relation between the information loss induced by synchronisation and the simpler nature of the required measurements. This counterintuitive fact has been first reported, in a quite distinct context, in ref. [@CR25] and it deserves further investigation.

Methods {#Sec5}
=======

Here we give the main steps to demonstrate equations ([6](#Equ8){ref-type=""}) to ([8](#Equ10){ref-type=""}). We intend to find the optimal probability of obtaining the state $\documentclass[12pt]{minimal}
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In general, for small *k* this regime is quickly reached and, as the number of excitations increases (remaining finite), we observe a longer transient.
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